Melanopsin-expressing retinal ganglion cells are intrinsically photosensitive cells that are involved in non-image forming visual processes such as the pupillary light reflex and circadian entrainment but also contribute to visual perception. Here we used immunohistochemistry to study the morphology, and 40 cells/mm 2 at about 2 mm eccentricity, the density drops to below 10 cells/mm 2 at about 8 mm eccentricity. Both the outer and inner stratifying dendrites express postsynaptic density (PSD95) immunoreactive puncta suggesting that they receive synaptic input from bipolar cells.
ganglion cells in macaque retina, and these authors also investigated one post mortem human retina. No obvious qualitative differences with respect to melanopsin expressing cells were found between macaque and human but the authors noticed some quantitative differences. For example, in human retina a larger total number and a higher spatial density of melanopsin-expressing ganglion cells was found. Here we address the question whether the density of melanopsin-expressing cells is systematically higher in human retina than in macaque retina.
Some studies on melanopsin-expressing cells in mammals including
humans indicate that melanopsin-expressing cells differ from other ganglion cell types with respect to their susceptibility to disease and injury (reviewed by Cui, Ren, Sollars, Pickard, & So, 2015; La Morgia et al., 2011; M€ unch & Kawasaki, 2013) . For example, studies in humans showed that melanopsin-expressing cells are conserved in patients with retinal degeneration such as retinitis pigmentosa or Leber's hereditary optic neuropathy (Hannibal et al., 2004; La Morgia et al., 2010; Moura et al., 2013) , whereas they are more susceptible to diseases such as Alzheimer's and glaucoma (Adhikari, Zele, Thomas, & Feigl, 2016; El-Danaf & Huberman, 2015; La Morgia et al., 2016; Obara, Hannibal, Heegaard, & Fahrenkrug, 2016) . Thus this study aimed to extend the knowledge about density and spatial distribution of melanopsin containing ganglion cells across normal human retina.
| MATERIALS A ND METHODS

| Tissue
Post mortem human eyes were obtained from the Lions NSW Eye Bank at Sydney Hospital and Sydney Eye Hospital with ethical approval from the University of Sydney Human Research Ethics Committee. Details about the eyes are summarized in Table 1 . The retina was dissected from the posterior eyecup and the vitreous was removed. The retina was cut into four to five equal parts, rinsed in 0.1 M phosphate buffer (PB) and placed in 30% sucrose in 0.1 M PB overnight. Retinal pieces were quick frozen using liquid nitrogen and stored at 280 8C until use. One eye (#13826L) was received in PB and the dissection of the retina was performed in freshly oxygenated Ames' medium (Sigma-Aldrich). The retina was kept in Ames' medium at 4 8C overnight and then fixed with 2% PFA for 30 min, rinsed in PB, placed in 30% sucrose in 0.1 M PB overnight and stored at 280 8C. A piece of this retina was embedded in low melting Agarose and used to cut 100 mm thick Vibratome sections (Lee, Weltzien, Madigan, Martin, & Gr€ unert, 2016) . No obvious qualitative differences but some quantitative differences were seen between the different preparations.
| Antibodies
The antibodies used are summarized in Table 2 . A rabbit antiserum raised against 19 amino acid residues from the N-terminus of the conceptually translated human melanopsin protein (NCBI accession number AAF24978) was kindly provided by Dr. King-Wai Yau (John Hopkins University, Baltimore, MD). This antibody has been characterized in transfected T-Rex cells by Liao et al. (2016) and labels melanopsin-expressing cells in human and macaque monkey retinas.
The goat polyclonal antiserum against human placental choline acetyltransferase (ChAT) was characterized by the manufacturer (Merck Millipore) in western blots of mouse brain lysates; a single band of about 68-70 kDA was labeled. The antiserum is known to label starburst amacrine cells in primate including human retina (Rodieck & Marshak, 1992) .
The antibody against postsynaptic density protein 95 (PSD-95) has been characterized by western blotting of rat brain lysate by the manufacturer (Merck Millipore). The antibody recognizes a single band of 95KD which is absent in brain homogenates a PSD-59 deficient mice (Rasband et al., 2002) . PSD-95 is found at one of the two postsynaptic members at bipolar ribbon synapses (Koulen, Fletcher, Craven, Bredt, & Wässle, 1998) .
| Immunohistochemistry
Retinal tissue (whole pieces and sections) was preincubated for 60 min in 5% normal donkey serum (Jackson ImmunoResearch Laboratories Inc., PA, USA) in PBS containing 0.5% Triton X-100 (BDH Chemicals, Kilsyth, Australia). Subsequently, the tissue was incubated in a mixture of primary antibodies (Vibratome sections were incubated for 2 days; whole retinal pieces were incubated for 2 weeks) at 4 8C; the tissue was rinsed and then incubated in a in a mixture of secondary antibodies made in donkey and coupled to Alexa 488 or Alexa 594 (Jackson ImmunoResearch Laboratories Inc., PA, USA) diluted 1:250 and 1:500, respectively, in PBS containing 5% normal donkey serum and 0.5% Triton X-100. Vibratome sections were incubated for 2 hr and retinal pieces were incubated overnight at 4 8C. The tissue was then rinsed in PBS (3 x 10 min), mounted onto polysine coated microscope slides (Menzel-Gläser, Braunschweig, Germany), and coverslipped with Vectashield Antifade Mounting Medium (Vector Laboratories Inc., Burlingame, CA).
| Microscopy
Images were acquired with a confocal microscope (Zeiss LSM 700) equipped with 488, 555, and 639 lasers. Tiled image stacks were taken of the whole mount pieces using a 103/0.45 Plan-Apochromat objective at a resolution of 2,048 by 2,048 pixels from the GCL to the start of the INL (step size 3 mm). Image stacks were stitched using Zeiss ZEN Black software. Melanopsin-expressing cells were reconstructed in 3D from confocal image stacks using the filament tracer in Imaris software. The dendritic field and soma diameter of melanopsin-expressing cells were measured from stacks of images using Fiji (Schindelin et al., 2012) . The tips of the outermost dendrites of each cell were connected to form a convex polygon. The average of the minimum and maximum diameter of the polygon was taken as the dendritic field or soma diameter (Jusuf et al., 2007; Szmajda, Gr€ unert, & Martin, 2008 ).
| Spatial density
To determine the spatial density and distribution of melanopsinexpressing cells, a grid was drawn over the collapsed tiled-image stack using Zen Blue software (Zeiss). Using the image stacks for each cell the soma position and the dendritic stratification was determined and cells were marked with colored-coded dots. A Voronoi diagram was generated using custom code in Matlab (MathWorks, Natick, NJ). Each dot in the Voronoi diagram marks a melanopsin ganglion cell soma, and the borders surrounding the soma enclose the area that is closest to that soma. The borders of a Voronoi domain mark the points that are equidistant between two adjacent somas. For each soma, an equivalent density was estimated from the reciprocal of the area of the cell's Voronoi domain (Jusuf et al., 2007) . 
| Synaptic input
The synaptic input to melanopsin-expressing cells was determined from confocal image stacks of double-labeled (melanopsin and PSD95) vibratome sections using Imaris software. Regions of melanopsin dendrites were reconstructed and subsequently PSD95 immunoreactive puncta in the same region were detected. PSD95 puncta within a distance of 0.5 mm from the dendritic surface were considered as postsynaptic densities located on the melanopsin-expressing dendrite (Jusuf et al., 2007) . We did not observe cells, which send processes to the outer plexiform layer as has been observed for developing mouse retina (Renna, Chellappa, Ross, Stabio, & Berson, 2015) , and for one cell in macaque retina (Liao et al., 2016) .
Independent of their soma location, all melanopsin-expressing cells had an axon travelling in the direction of the optic nerve. In some cells, the axon branched close to the soma with a primary axon heading toward the optic nerve and a secondary axon heading in the opposite direction where it left the field of view. These secondary axons were not further investigated. As our stacks of confocal images did not extend far enough into the GCL or INL to follow the axons of labeled cells, we do not know whether the melanopsin-expressing cells in our preparations had axon collaterals at a larger distance from the soma as described previously in human, macaque, and mouse retinas (Joo, Peterson, Dacey, Hattar, & Chen, 2013; Peterson & Dacey, 1998) .
| Dendritic field and soma size
The dendritic field and soma sizes of melanopsin-expressing cells were For preparations #13962L1, #13781L1, and #14064L1A the outer cells were further distinguished with respect to their soma location (Table 3) . Cells with a soma in the INL (named INL outer cells) made up the large majority of the outer cells (average 82%) or 54% of the total melanopsin population, whereas inner stratifying cells (GCL inner) on average made up 30% and bistratified cells made up 6% of the total melanopsin population.
| Spatial distribution
The spatial distribution of melanopsin-expressing cells was determined in four retinal pieces. Figure 6a shows the distribution of GCL outer and INL outer cells, Figure 6b shows the distribution of GCL inner and GCL bistratified cells for preparation #13962L1, and Figure 6c shows the distribution of these cells along the horizontal meridian for preparation #13781L1. In both preparations, inner stratifying (cyan) cells are concentrated within a 4 mm radius around the fovea. This qualitative observation was also made in preparation #14064L1A but was not further analyzed.
Figure 6c also shows that between 4 and 12 mm temporal retina, the proportion of inner stratifying cells declines drastically but increases again in far peripheral retina (>12 mm). Since only this preparation was analyzed in the far periphery, we do not know whether this increase of GCL inner cells in far peripheral temporal is a consistent feature of human retina. The low density of GCL inner cells between 6 mm to 12 mm in preparation #13781 is possibly due to insufficient staining quality in this region.
We noticed a tendency for the GCL outer cells (shown as red dots)
to occur more frequently in the nasal region of the fovea as compared to the temporal region (Figure 6a,c) . This difference was also seen in preparation #14064L1 but was not analyzed quantitatively.
In preparation 13781L1 the relatively high proportion of INL outer cells mentioned above is most pronounced at eccentricities up to about 8 mm. Between 10 and 14 mm eccentricity INL outer and GCL outer cells make up about equal proportions whereas beyond 14 mm GCL outer cells outnumber INL outer cells. (Liao et al., 2016) . Taken together our results agree with previous findings (Dacey et al., 2005; Jusuf et al., 2007; Liao et al., 2016 ) that there are two types of melanopsin-expressing ganglion cell types in primate retina: outer and inner stratifying cells.
Whether human retina contains ganglion cells expressing very low levels of melanopsin remains to be determined but it should be noted that in our preparations the somas (but not the dendrites) of all ganglion cells seem to have low levels of melanopsin immunoreactivity (e.g., Figure 2 ).
We tested the mosaic properties of the cell soma populations by subjecting a 5 3 5 mm area of sample 13962L1 to density recovery profile analysis (Rodieck, 1991) . The packing factor (PF) measured for the inner population was not distinguishable from random (PF < 0.01, p > .5, n 5 196). The outer population was marginally more regular than random (PF 5 0.01, p 5 .03, n 5 832). The very low cell densities make it however difficult to draw firm conclusions from these data.
| Dendritic overlap
To study the dendritic overlap of melanopsin-containing cells, all cells (Figure 7d) . Finally, Figure 7f shows that that the dendritic fields of the two inner cells overlap with each other to a smaller extent than with the dendritic fields of the outer cells (Figure 7e ). Taken together this analysis provides further evidence that outer and inner cells form two independent populations.
| Spatial density and coverage
The spatial density of melanopsin cells was determined for four different preparations. Figure 8a ,b shows the estimated density of outer and inner stratifying cells across the horizontal meridian for preparation #13962. In this preparation, the mean peak density for the outer the area that is closest to that soma. In Figure 8c , small Voronoi domains are present throughout the retina. In contrast, in Figure 8d the majority of small Voronoi domains are clustered within 4 mm eccentricity suggesting there could differences in the dendritic coverage by inner stratifying and outer stratifying cells.
We also plotted the density of all melanopsin-expressing cells for this and the other whole mount preparations using counts from a 2 mm wide strip along the horizontal meridian. As shown in Figure 9a c there are differences in the cell density across the retina and between donors (aged 44, 48, 53, and 64 years old) but there is no correlation with age: the highest density of melanopsin-expressing cells was found in the 53-year-old donor, the lowest density was found in the 44-yearold donor. Instead, the differences are probably to a certain extent correlated with the longer fixation times which affect antibody penetration. Consistently, the retina with the highest cell density (#13962) was fixed for only 2.5 hr, whereas the retina with the lowest cell density was fixed for 68 hr (Table 1) . Thus the low density of melanopsin cells shown in Figure 9b may be an underestimate. In an unrelated study, we noticed that retina #14029 had a reduced number of ganglion cells in the temporal foveal region. The nasal foveal retina appeared normal and consistently the density of melanopsin cells in the peripheral nasal region of this retina (Figure 9c ) is comparable to the other retinas.
The degree of dendritic overlap among neighboring cells of the same type was estimated by the coverage factor. The coverage factor was calculated as the product of mean dendritic field area and mean cell density using the data shown in Figure 5a . As shown in Figure 9d , the coverage factor does not change much across the retina, the mean was 1.6 (SD, 0.5) for inner cells (n 5 11 eccentricities) and 2.6 (SD, 0.7)
for outer cells (n 5 16 eccentricities). Similarly, Liao et al. (2016) calculated coverage factors of 1.8 for inner and 2.3 for outer cells at eccentricities above 3 mm. Comparable coverage factors have been calculated for inner and outer melanopsin cells in macaque retina (Liao et al., 2016) but in marmoset, melanopsin cells showed very little overlap (Jusuf et al., 2007) .
| Synaptic input
Presumed synaptic input to outer and inner stratifying cells was analyzed in confocal stacks of vertical sections from about 5 mm eccentricity in superior retina that were double labeled for melanopsin and PSD95. As has been shown previously (Jusuf et al., 2007; Koulen et al., 1998) , punctate PSD95 immunoreactivity is present in the entire IPL (Figure 10 ).
Both inner and outer dendrites of melanopsin-expressing ganglion cells
show colocalized PSD95 immunoreactive puncta (Figure 10b-j) . As seen in the whole mounts the outer dendrites are usually more strongly labeled than the inner dendrites, indicating that outer cells express more melanopsin. Neither in the vibratome sections nor in the whole mount preparations did we observe any dendritic spines as has been reported for inner melanopsin cells in macaque retina (Liao et al., 2016) .
The number of colocalized immunoreactive puncta was determined in regions of interests (such as shown in Figure 10f ). For outer stratifying 23 regions of interest and for inner stratifying cells 17 regions of interest of variable sizes were analyzed by reconstructing the dendrites from confocal stacks (Figure 10g ). On average outer dendrites had 1.8 ( 6 1.2, SD) and inner dendrites had 3.1 ( 6 1.7, SD) colocalized immunoreactive puncta per 100 mm 2 dendritic surface area. This difference was marginally significant (p 5 .02, Wilcoxon rank sum test) and suggests that inner cells receive more synaptic input from bipolar cells than outer stratifying cells. This result is consistent with previous findings in marmoset retina (Jusuf et al., 2007) but our sample was small.
| DISCUSSION
Our study confirms and extends previous studies on the morphology, distribution and spatial density of melanopsin-expressing ganglion cells in primate including human retinas (Dacey et al., 2005; Jusuf et al., 2007; Hannibal et al., 2004; Liao et al., 2016) . As summarized in Figure 11 , we find that human retina contains two types of melanopsin-expressing cells, an outer stratifying type, comprising cells with conventionally placed and displaced somas and a conventionally placed inner stratifying type. The bistratified cells encountered in this study do not form a separate population but instead are part of the inner stratifying cells.
Other previous studies of melanopsin-expressing cells in human retina addressed different aspects of melanopsin-expressing ganglion cells (La Morgia et al., 2010 Morgia et al., , 2016 Moura et al., 2013; Vugler et al., 2007) some of which will be discussed below.
| Types of melanopsin-expressing cells: Comparison to other primates and mouse
In mouse retina, five morphologically different types of melanopsinexpressing cell types named M1 to M5 have been reported. In addition to morphological differences these distinct types have different physiological properties and distinct brain projections (see reviews by Berson, 2014; Do & Yau, 2010; Hughes et al., 2016; Sand et al., 2012; Schmidt, Chen, et al., 2011) . In the following we will compare the melanopsin cell types found in human retina to M1, M2, and M3 cells of mouse retina as only these cells are sufficiently labeled by immunohistochemical methods (Berson, Castrucci, & Provencio, 2010) .
| Outer stratifying cells
The M1 (inner stratifying) M2 cells (Berson et al., 2010) . In human, we find that the majority (over 60%) of the melanopsin-expressing cells are outer stratifying cells. Similar percentages were reported in other studies of primate retinas (Dacey et al., 2005; Jusuf et al., 2007; Liao et al., 2016) .
In mouse retina only 5-10% of the melanopsin-expressing cells have their soma in the INL (Berson et al., 2010; Hattar et al., 2002) , whereas in our study this is the case for about half (1,456/2,713) of the total melanopsin cell population (Figure 11 ). Similar proportions were obtained in non-human primates (Dacey et al., 2005; Jusuf et al., 2007; Liao et al., 2016) but it should be noted that Liao et al. (2016) found only 27% INL outer cells (76/279 cells) in human retina. In contrast to this study, the results in the latter study did not include the fovea. The functional significance of a high proportion of INL outer cells remains unknown.
The M1 cells in mouse retina can be subdivided based on their molecular properties and central projections (Chen, Badea, & Hattar, 2011; Jain, Ravindran, & Dhingra, 2012 this study) and non-human primates (Jusuf et al., 2007) . This fact together with the fact that the coverage factor for human outer cells is between 2.3 and 2.6 (Liao et al., 2016 and this study) whereas the coverage factor in mouse is about 3.8 may suggest that the outer stratify- 
| Density and proportion of melanopsin expressing cells in human retina
The peak density of melanopsin expressing cells was located at around were reported in a recent study, where the density of melanopsin expressing cells in normal donors was compared to that in glaucoma patients (Obara et al., 2016) but no information on retinal location was provided rendering that study of negligible value in the present context.
La coworkers (2010, 2016) suggest a decrease in the density of melanopsin cells at ages above 80 years but none of the retinas in our study was from this age group. Additionally, it has been suggested that the density of melanopsin cells in the central retina does not decrease with age (La Morgia et al., 2011) . This is an interesting suggestion which may have implications for gene therapy. . Thus, we estimate that in peripheral retina the proportion of melanopsin cells increases to 0.2% of the ganglion cell population. These estimates suggest melanopsin expressing cells follow the trend of other wide-field ganglion cell types in that their proportion is lower in the fovea compared to peripheral retina (Dacey, 1993; Masri et al., in press ). Future studies need to estimate the total ganglion cell density and melanopsin ganglion cell density across the retina in the same preparation to substantiate this claim.
| Synaptic input to melanopsin-expressing cells
Our double label immunohistochemistry shows that outer as well as Liao et al., 2016) . It is likely that the same connectivity occurs in human retina but this hypothesis could not be tested directly because to date there is no antibody available, which specifically labels DB6 bipolar cells in human retina (Haverkamp, Haeseleer, & Hendrickson, 2003) .
| Conclusions
Our results support previous findings showing that melanopsinexpressing cells in human retina form two morphological populations.
These populations have higher average densities than their counterparts in macaque retina (Liao et al., 2016) . In addition, our findings indicate that outer and inner cells are differentially distributed across the retina, namely that there might be higher proportions of inner stratifying cells in central than in peripheral retina.
